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motivation

- For precise calculation of heavy-light (D and B) and heavy-

heavy (W and Y) systems, e.qg. for determination of the
Standard Model parameters, we need good control of
discretization effects of (amq)".

. We plant to use the fine-lattice ensembles (a'=2.4-4.8GeV,
JLQCD collaboration) with Mdbius domain-wall fermions[see
J.I.Noaki's talk]. Still, amaq is not very small (amq~0.54-0.27 for
charm). Improved fermion formulations would be necessary.

- We test existing and newly developed formulations
- as joint effort of the JLQCD collaboration and Southampton.



Plan of this Talk

1. Lattice fermion formulation for heavy quarks
. generalized Domain-wall fermions
. O(a®)-improved Brillouin fermion
2. Scaling studies on quenched lattices
. Dispersion relation,hyperfine splitting of PS meson
. Decay constant for heavy-heavy systems

3. Summary



1. Fermion formulation
for heavy quarks

- generalized domain-wall fermions

2
.O(a )-improved Brillouin fermion



| attice fermions

- Wilson fermions

- Discretization error is O(am). O(a)-improvement is often considered,
then O(am)”

- Domain-wall fermions

- preserve chiral symmetry. Discretization error is O(am)z. Limitation
on the value of am.

- Improved fermions

- We developed an O(az)—improved fermion formulation based on the
Brillouin fermion. It has good properties (dispersion relation, ...) for
heavy quarks.



Generalized domain-wall fermions

[Kaplan, 1992; Shamir, 1993; Furman-Shamir, 1995; Edwards-Heller 2001; Boric.i, 1999;
Chiu, 2003; Brower-Neff-Orginos, 2005; JLQCD 2013]

- live on the bD space-time, exact chiral symmetry at Ls—o(Overlap
fermions), but expensive.

- 4D effective action (with Mdbius kernel)
1+m 1-—m B bD,,
D%W =3 | 5 vystanh (Lstcmh 1 (752 n cD,,,))

- From a residual-mass study, we employ b=2, c=1 with link
smearing (Nsmr=3) and finite Ls(=8).(JLQCD collaboration)

- Mres IS at the level of 0.1~0.5 MeV on the dynamical lattices.

- We expect that the good chiral symmetry guarantees small O(a)
discretization effect.



Brillouin fermions

[S.Durr,G.Koutsou Phys.RevD83(2011)114512 ]
[M.Creutz, T.Kimura, T.Misumi JHEP 1012:041,2010]
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=>add a Z2-hop term (in 2D)



dispersion relation (free)

estimate the energy E(p) from the pole of D-(p) in the momentum space.

m = 0.0 E (5,m) = v/p* + m?(continuum)
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Dispersion relation of meson, baryon is good too. Difference of Wilson and
Brillouin becomes more significant at heavy quark regions.
[S.Durr, G.Koutsou, T.Lippert Phys.Rev.D86(2012) 114514]



Discretization errors

for Brillouin fermions
- expand the energy up to O(a>)

B (0 ma) = (ma? = (maf' + Sma)' = 2mal®  F = Jog(1 + ma)

=> 0O(a),0(a?),0(a3) errors

- dispersion relation for massive quarks
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Symanzik improvement for Brillouin fermions

eliminate O(a) and O(a?)-errors at tree-level

- Improved Brillouin Dirac operator

2

ZVM (1— _Ab”)vzso(l — Eﬁbm) + crpa (Abm)Q Tma crg = 1/8

(ma)”

4
=> start from O(a3)

. expansion of energy up to O(ad) E? (ﬁ,ma) = (ma)? +
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2. Scaling studies
on the quenched lattices

. Dispersion relation of pseudo-scalar meson,
hypertine splitting

Decay constant for heavy-heavy systems



Strategy




QUENCHED CONFIGURATIONS

[see J.Tsang’s talk]

L/a B alfm] d

6 4.4) 0.0987(34) 2.00(07)
24 4.66 0.0702(22) 2.81(09)
32 4.89 0.0350(13) 3.80(12)

- Tree-level Symanzik gauge action

* Generated with CHROMA using Heat bath algorithm
(IRIDIS HPC Facility, University of Southampton)

- L is kept fixed to ~1.6 Tm. Lattice spacing is determined through
the Wilson flow wo introduced in [BMW-c, arXiv:1203.4469]



2. Scaling studies
on the quenched lattices

. Dispersion relation of pseudo- scalar meson,
hypertfine splitting




Dispersion relation of PS meson,
hyperfine splitting

- For heavy-heavy mesons of

m,s = 1.0,1.5,2.0,2.5,3.0[GeV]

We calculate effective speed of light tor the

pseudo-scalar meson

2 oy BX(P) — EX(
Cory (P7) = 72

0

)

- Hyperfine splitting Myec — Mps



Effective speed-of-light
for pseudo-scalar meson
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scaling for speed of light
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=excellent scaling of the improved action



scaling tor hypertine splitting

hypertine splitting =

Myec — mps
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=Scaling for the improved action is good.

Domain-wall is slightly worse.




2. Scaling studies
on the quenched lattices

Decay constant for heavy-heavy systems



heavy-heavy Decay constant

- Calculate ratio of decay constant to avoid
undetermined renormalization factor Za. Vmpsfps

| \/mreffref
. reference value is mps = 1.0[GeV] -

. We used local-local <AA><AP> and smeard-local <PP>
simultaneously.

- Some data points have but signal that we discarded.

< A4(t m)A4( O) > < A4(t,$)P(0,0) > < P(t $)P(0,0) >

0
Au(z) = Y(@)yurs(x) Pz) = P(x)ys¢(z)



Scaling of decay constant ratio
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=scaling of the improved action iIs good.



3.Summary

. Scaling of the improved action is excellent for
all three quantities.

- Domain-wall fermion is good scaling, except for
the dispersion relation. (but for decay constant,
data Is limited.) [see J.Tsang’s talk for unsmeard
Domain-wall]

- We apply these fermion tformalisms for charm
quarks physics(fp,fps,**) on the dynamical
domain-wall configurations(a'=2.4-4.8GeV).



Thank you!



Back Up



LAPLACIAN TERM:(BRILLOUIN LAPLACIAN)

A5 (p) = 2(cos(pg) + cos(p,) + cos(p,) + cos(p;) — 4) momentum space(2D)

b [S.DurrG.Koutsou Phys.RevD83(201 1)1 14512 ]
A" (p) = 4cos*(p,/2)cos*(p,/2)cos? (p, /2)cos* (p;/2) — 4

2D: lap_std for L=24

M (p) = M — gAStd (p)

= M — r (cos (px) + cos (py) + cos (pz) + cos (pt) — 4)
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Pu — (7T77T77T70)7"' o M(p) :M+6T (X4)

) Mi(p) — M = 8r (X1)
r :

M (p) = M — §Abm ()

= M — 2r (cos® (pz/2) cos® (py/2) cos® (pz/2) cos® (pt/2) — 1) .
e ROR00 = M (p) = M (1) o

-

= all doublers have a same mass. 2D: lap_iso for L=24



CIGENVALUE SPECTRA  (FREE)

~ - 1.5 - v - v - v v
“eigen_wilson,d" u 1:2  + "eigen.d” u 132+

Jiadniiiae

A TINEERRGEANT

’olge;\_ullson.d‘ ui
ul

2
2

-
.
.
-

Ginsparg-Wilson like<=

Jiceidntasancehin
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ISOTROPIC DERIVATIV

posItion space

: 1
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momentum space

V. 2:(p) = isinp;(cospy + 2)(cosp, + 2)(cospy + 2)/27



BRILLOUIN LAPLACIAN

posItion space
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HE BRILLOUIN OPERATOR
WITH GAUGE FIELDS

- take a average of all paths for every hopping term

recursion algorithm of standard derivative and laplacian
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EIGENVA

=>highest mode and lowest modes(5) of DD
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Another possible way?

reduce numerical costs for the
Improved action

. 1 : 1
pDvmp — Z’Y,u(l _ 1_2a2AStd>VLSO(1 . ﬁaJ2As7§d) i cz-mpag(AStd)2
!

Introduce an additional parameter

[T.Misumi,2014]
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0 = 1/6 for the Brillouin fermion
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Dimp Z% (1 . aQAme) avzso <5> (1 . a2Ame) 4+ CimpaS(Astd>2
v 0

m 1 std 0 std
AMPZEAM +§ZAV 5—=1/4

= similar dispersion re

continuum
ImpBri
Imp1

05

continuum
ImpBri
Imp

p

lation!



Fitting of correlators with
the local source

Wilson AA Ms=2.00 —e—
Wilson AP M13=2.00
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" 1.04}
_ . e 1.03
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scaling of decay constant
for mps = 1.5GeV

1SGeV

ImpBri
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0.1 3 g.z
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scaling of decay constant
fOr Mps =2. OGeV
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